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ABSTRACT

In this study we apply a genetic algorithm to a set of
RNA sequences to find common RNA secondary
structures. Our method is a three-step procedure. At
the first stage of the procedure for each sequence, a
genetic algorithm is used to optimize the structures
in a population to a certain degree of stability. In this
step, the free energy of a structure is the fitness criterion
for the algorithm. Next, for each structure, we define
a measure of structural conservation with respect to
those in other sequences. We use this measure in a
genetic algorithm to improve the structural similarity
among sequences for the structures in the population
of a sequence. Finally, we select those structures
satisfying certain conditions of structural stability
and similarity as predicted common structures for a
set of RNA sequences. We have obtained satisfactory
results from a set of tRNA, 5S rRNA, rev response
elements (RRE) of HIV-1 and RRE of HIV-2/SIV,
respectively.

INTRODUCTION

Three-dimensional folding of RNAs is necessary for their
in vivo functions. Consequently, the inference of secondary
structure is a crucial step in the understanding of a functional
RNA. Two main approaches are currently employed to predict
RNA secondary structure: comparative sequence analysis (1,2)
and thermodynamic optimization (3,4). The former method
examines homologous sequences to identify potential helices
which maintain complementarity in the sequences. In contrast,
the energy minimization method uses thermodynamics to
determine structures with minimum or near minimum free
energies. Coupled with the improvement in thermodynamic
parameters, the energy minimization method provides useful
structural information. However, it is generally agreed that the
use of phylogenetic comparisons is the most reliable for deter-
mining higher order RNA structure. But comparative methods
require that the alignment of the homologous sequences is
known in advance. In the RNA world, RNA structure is often
much more highly conserved than sequence, especially for
structured RNAs, during evolution. Under this circumstance,

an alignment based solely on sequence conservation is
generally inadequate. Thus, several algorithms for aligning
RNA sequences, taking into account the primary and
secondary information, have been developed (5-7). These
methods remain limited to sets of short sequences or require that
the structural information of one of the sequences is known.

Genetic algorithms (GAs) (8), like simulated annealing or
Gibbs sampling, is a stochastic optimization technique. Unlike
the traditional optimization methods, GAs operate on a population
of tentative solutions. Each solution has an encoded representation
equivalent to the genetic material of an individual in nature.
GAs solve the problems by randomly changing some solutions
(GA mutation) and recombining certain features of different
parental solutions (GA crossover). The next generation of
survival solutions is selected based on a predefined fitness
criterion. GAs iterate this procedure until no further improvement
can be achieved. This strategy mimics the processes of natural
genetic evolution. GAs do not guarantee to obtain the optimal
solution, but are known to perform well with combinatorial or
enumeration problems.

Several procedures using GAs for RNA secondary structure
prediction have been proposed (9-11). These methods deal
with a single RNA sequence and use free energy only as the
fitness criterion. However, the native structures are often not
optimal in the context of the current energy rules (12). In this study,
we explore the application of GAs, but in a set of homologous RNA
sequences, to the determination of RNA structures. To predict
a consensus secondary structure or structure motifs in a set of
RNA sequences normally requires knowledge of the alignment
of these sequences or the ability to align multiple sequences if
the alignment is unknown (5,13-15). Here, we propose a
method to predict a common RNA structure without knowing
or finding the alignment of the sequences. In our method, we
take into consideration not only the structural energy but also
the structural similarity among sequences. First, for each
sequence, we apply a GA to a population of randomly generated
structures with the free energy as the criterion until all the
structures in the population reach a certain level of stability.
Then, for each structure, we define a measure intended to
reflect the conservation of structural features among
sequences. With this measure as the fitness criterion in a GA,
we select the structures that satisfy certain conditions of stability
and structural conservation as possible common structures for the
set of sequences. The selected structures can be ranked
according to a score that is closely related to the defined
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measure of conservation. In each of the four test cases, we
were able to obtain a fairly convincing common structure from
the first 10 ranked ordered structures.

NOTATION AND TERMINOLOGY

Let C denote the collection of N homologous RNA sequences,
S, S, ..., Sy Let Tp = {s, 8, ..., s,} be a structure in a
sequence Sp of length l(Sp) and T,= {3,,53,,..., 5, } be astruc-
ture in another sequence S of length I(S,). We denote s; = (a;, b)
and 3 = (aj, Bj ), where (a;, b;) is the closing base pair of a
stem s; in Tp and (sz s Bj ) is the closing base pair of a stem 3
in T;. We define the following terminologies.

Stem weight

We associate a weight for each stem in a structure. The weight
w; for a stem s; is defined as w; = (2] + loop_size)/n;, where ny
is the total number of bases in structured regions, [ is the stem
length of s; and loop_size is the size of loop closed by stem s;.

Stem equivalence

Without loss of generality, we assume that I(S,)) < l(Sq). We
define stems s; and 3; to be equivalent if the following conditions
hold.

(1) Condition in the position of the stem. -, < a; —a; < l(Sq)
—1I(S,) + J,, where §, is a small non-negative integer.

(2) Condition in the size of region closed by the stem. -§, <
(bj — a; + 1) = (b;—a; + 1) <I(S,) - I(S,) + &,, where &, is
a small non-negative integer.

(3) Condition in loop closed by the stem. s; and s; both close
the same type of loop (hairpin, bulge, internal or multi-
branch loop). Moreover, the difference in loop size is
bounded by a pre-assigned value if the loop is a bulge or
internal loop. If the loop is a multi-branch loop, then we
require that the number of branches closed by s; is no more
than that closed by 3;.

(4) Condition in the relative position of a branch with respect
to the branch on the left and right. If s; is a branch of a
multi-branch structure in 7}, and 3; is a branch of a multi-
branch structure in T, then we require that (a) -0, < (& i — bi)
—(a;—by) <U(S) —(S,) + By and (b) -0y < (& — bj)—(a;—b)
< l(Sq) —I(S,) + 5, where s; (or 3ii) and s;; (or 3y; ) are the
adjacent left and right branches of s; (or 3, ).

Structure conservation

To assess the conservation of structural features in a structure
Tp with respect to the collection C, we first define a measure
for the structural similarity between a structure T, and a struc-
ture T, in another sequence S, as a weighted sum of equivalent
stems. More precisely, we define cons(T > T q) = 3L, cons(s;,
T q), where cons(s;, T,) = w; if s; has an equivalent stem 33
otherwise, cons(s;, T q) = 0. Secondly, we define the conserva-
tion of a structure 7', with respect to a sequence S, as cons(T;
Sq) = max{cons(Tp, T) | T, e g)(Sq)}, where p(Sq) denotes
the current population in qu. Finally, the conservation score,
cons(T, p), of a structure T b with respect to the collection C is
defined as cons(T,) = Z§=1 cons(T'y; S)/N.

Stem conservation

In our procedure, if a stem is less likely to have an equivalent
stem in other sequences, the stem is more likely to be replaced

during mutation. For the purpose of mutation, we define the
following: (a) the conservation score of a stem s; with respect to a
sequence Sq, cons(s;; Sq) = cons(s;, T(Sq)), where T(Sq) is the struc-
ture in the current population of the sequence S such that cons(7,,
T (Sq)) = max{cons(T o T q) | T g€ ga(Sq)} ; (b) the stem conservation
with respect to the collection, cons(s;) = 22’:1 cons(s;; Sq).

Structural distance function

To avoid rapid convergence to a local optimal solution in a GA
iteration, the selection of the next generation in our procedure
is determined in part by the structural distance. We first define
the distance between structures 7' and Tj as dy = 1 — ny/my;,
where n;; is the number of base pairs in common between the
two solutions and m;; is the maximum number of base pairs of
the two structures (10). Then the distance function d, of a structure
T is the sum of all its distance with all the solutions in the set
of structures we considered: d; = X,d;.

ALGORITHM

The basic components of the algorithm are: (1) a population of
individuals, each of which represents a search point in the
space of potential solutions to a given optimization problem;
(2) a measure that provides the quality information (fitness) for
the individuals; (3) operations that are intended to model cross-
over, mutation and selection.

Individual representation

A secondary structure is an individual in the population. A
structure is encoded as a set of stems, such as T = {s,, 5y, ..., 5, }.
One of the characteristics of GAs is that they work with
encoded representations of an individual, not the individual itself.
An advantage, for example, is that a better solution (individual)
can be obtained by assembling good features retrieved from
other solutions, including solutions with low fitness.

Fitness function

The quality of a solution is measured by a predefined fitness
(object) function. As in nature, the higher the fitness of a solution,
the better its chances of survival and reproduction in the subsequent
generation. Most functional RNAs appear to preserve a particular
base paired structure in evolution. The native structure, in
general, is not optimal thermodynamically, but, obviously, it
possesses a certain degree of stability. In the initial stage of the
procedure, the structures are optimized to some degree of
stability using free energy as the fitness criterion. At the
second stage, the conservation score, cons(T), is used as a
criterion of goodness to maximize the commonality of structural
features.

Initial generation

For each sequence, we randomly choose a stem s; from the
master list of all possible stems that can be formed. Let (a;, b;)
denote the closing base pair and / be the stem length of s;. For
this stem s; we consider a list of stems that are interior to the
stem s;. We say a stem s = (., ) is interior to a stem s, if (g, +
I-1)<a <P <(b—1+1). From this list, we select stems that
are compatible with those already incorporated into the structure
in a stepwise fashion until no stem can be added. In this phase
of the construction, a stem is added to the structure if the addition
of a stem increases the stability of the structure; otherwise, the



addition is determined by the Boltzmann rule. We repeat this
process until no more such stems s; can be chosen from the
master list. In most cases, the structures obtained in this
manner are stable, i.e. have negative free energy. However,
some of the structures may be unstable. Therefore, after a
population of structures is generated, a GA is applied using the
free energy as the criterion of fitness until the average free
energy of the population is less than a predescribed value and
all the structures in the population are stable.

Crossover

The (genetic) crossover exchanges information among
solutions creating the possibility of the right combination of
motifs (genetic material) for better solutions (individuals). In
our procedure, a pair of structures is selected as two parental
structures from the population. The selection is based on the
fitness parameter. A structure with a higher fitness value has a
better chance of being selected, but it will not be paired with
itself. Several different types of crossover operators (one-point,
two-point or uniform crossover) can be implemented. In our
implementation, a stem pool is formed from the pair of struc-
tures. An offspring of the two parental structures is constructed
by stepwise selection of one stem after another from the stem
pool. At any step only stems compatible with the previously
selected ones are added. If two stems overlap and one is
selected, then the selected one is taken wholly and the other is
shortened. In the initial stage of the procedure, the selection is
carried out in a random fashion. In the stage of improving
structural conservation, the selection of stems is based on a
roulette wheel spin method with slots weighted in proportion
to the stem scores. The offspring is required to be different
from the two parental structures. If it is not after a certain
number of attempts, the structure with the higher fitness is
chosen as the offspring. For a population of n structures, n
pairs of structures are selected to be subjected to crossover.

Mutation

Mutation causes sporadic and random alterations in the genetic
material and plays the role of restoring lost genetic material. In
our procedure, every structure in the population is subjected to
mutation. The mutation is performed by the removal of some
stems from the structure and the subsequent addition of new
stems. In the initial stage, the stem which closes a region with
positive free energy will be removed from the structure. If no
such stem exists, the choice of stem to be removed is random.
In the second stage of the procedure, the removal of stems is
again based on a roulette wheel spin method with slots
weighted in inverse proportion to the stem conservation scores.
Thus, a stem with a smaller stem score is more likely to be
replaced. The addition of new stems is done in a completely
randomized manner. However, the new structure is required to
possess a certain stability, i.e. have a free energy less than a
predescribed value if possible.

Selection

Selection models nature’s survival-of-the-fittest mechanism. A
fitter individual has a higher number of offspring and thus has
a higher chance of surviving in the subsequent generation. In
our procedure, every structure in a population is mutated.
Meanwhile, exactly the same number of pairs as the size of a
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population are selected for crossover. Thus, for a population of
n structures, 3n structures are produced in each GA iteration.
The size of a population is kept constant from generation to
generation. Selection of the first n best structures often results
in rapid convergence to a local favorable structure. To prevent
premature convergence, the next generation is selected based
on structural fitness and structural distance between solutions.
In our implementation, for each structure we define a score as
the difference between its fitness and the best fitness value in
the set considered divided by its distance function. The
structures are sorted in increasing order of this score and the
new population is selected from the top of the list.

IMPLEMENTATION

Our implementation of a GA in search of common RNA
secondary structures is a three-stage procedure. In the first
stage, the GA is used to obtain a population of structures that
satisfy certain stability conditions for each sequence in C. In
this case, the free energy of a structure is the measure of goodness
(fitness criterion). The procedure at this stage can be described
as follows.
(1) Generate, for each sequence, an initial population of n
structures by repeating the following steps.
(1.1) Form a list of stems that are compatible with those in
the existing structure. Initially, the list consists of all possible
stems for a given sequence.
(1.2) Randomly select a stem s; from the listin 1.1.
(1.2.1) Create a list of stems that are interior to a stem s;.
(1.2.2) Add stems to the structure until the stem list in
1.2.1 is exhausted. The Metropolis acceptance scheme is
used for the addition of a stem into the structure.
(1.3) Repeat steps 1.1 and 1.2 until the stem list in 1.1 is
exhausted. Then, a structure is generated and is encoded as a
set of stems.
(2) Tterate crossover, mutation and selection with free energy
as the fitness criterion until the stability criteria of the struc-
tures are reached. A more detailed description of a GA cycle is
given at the second stage of the procedure.
(2.1) GA crossover. The probability of a structure being
selected for crossover is proportional to its free energy. The
selection of stems for the offspring from two parental
structures is random.
(2.2) Mutation. The stems, if there are such stems, that close
the unstable region will be removed from the structure.
Otherwise, the removal of stems from the structure is
random.
(2.3) Selection. The selection of the next generation is based
on the structural stability and the diversity of the population.
In the second stage of the procedure, the GA is used to search
for those structures that satisfy the conditions of structural
stability and structural similarity. The structural similarity is
measured by the structural conservation score cons(7).
(3) Evaluate, for each sequence, the conservation score
cons(7,) for each structure T, in the current generation of a
sequence S, as defined in the previous section. In the mean-
time, compute the stem score cons(s;) for each stem s; in struc-
ture 7},
(4) Perform, for each sequence, genetic operations on the
current generation.
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(4.1) GA crossover. Select n pairs of structures using proba-
bilities that depend on cons(7},) where n is the size of a popu-
lation. For each pair of structures:
(4.1.1) Create a list of stems from the two structures.
(4.1.2) Generate a new structure from these stems by step-
wise adding stems to the structure with probabilities
proportional to the stem scores until the stem listin 4.1.1 is
exhausted.

(4.2) Mutate every structure in the current population.
(4.2.1) Remove stems from a structure using probabilities
that are inversely proportional to the stem scores.

(4.2.2) Form a list of stems that are compatible with the
remaining stems in the structure.

(4.2.3) Add stems to the structure until the stem list in
4.2.2 is exhausted.

(5) Collect potential common structures for each sequence.
(5.1) Repeat step (3), but this time with a temporary popula-
tion of 3n structures obtained from a GA interation.

(5.2) Collect, from the 3# structures produced by a GA itera-

tion, the structures that satisfy the conditions cons(7) = h,

and e(T) < e, where e(7) is the free energy of a structure 7.

We consider each of them as a candidate for common struc-

tures.

(6) Select the next generation for each sequence.

(6.1) Form a set that consists of all distinct structures from
3n structures produced by a GA interation and count the
number of occurrences for each structure in the set. Denote
this set 3.
(6.2) Find the maximum conservation score, denoted
best_fit, of the structures in 3.
(6.3) Compute, for each structure 7; in 3, the distance
function d; as defined previously and sc(i) = (best_fit —
cons(T)))/d,.
(6.4) Sort the structures in 3 as the ascending order of sc(i).
(6.5) Select the structures from the top of the sorted list in 6.4
into the new population. Note that the occurrence count of a
structure is decreased by 1 if a structure is selected. After the
last structure in the sorted list is selected, the selection is
repeated from the top of the list until the next generation is
filled. A structure whose count is <0 is no longer available
for selection.

(7) Return to step (3) unless the maximum number of generations

has been reached.

Let HY denote the possible common structures generated

from step (5) for sequence S,,p=1,2, ..., N. We notice that in

the computation of c0ns(Tp S ) the structure that attains the

value cons( i\ ) may not be one of the structures in 5{8

addition to the condltrons of structural stability and srmrlarrty,

a predicted structure is also required that is conserved in most

of the sequences. Therefore, in the final stage of the procedure,

the common structures are obtained as follows. ' '

(8) Iterate the following steps until they converge, i.e. 5{;‘“" = }[f)‘)

for all p.

(8.1) Compute, for each structure T, in HY, cons(T,; 3’-[(‘))

rnax{cons(T T) | T, € .’HEl } and then cons(T, )

Py cons(7; 5{(%)/N for each set }[(‘ 1<p<N.

(8.2) Form a set, }[(Hl) of all the structures T, satisfying the

conditions cons(T}) 2 he, e(T,) < e, and nT(C) = N,, where

n(C) is the number of sequences in C such that (T, .7-[(‘)) >h,

and the parameter N, is a predefined integer.

LetH, 1< p < N denote the common structures obtained from
step (8). To distinguish the common structures obtained from
the procedure, we rank structures based on their adjusted
conservation scores. In computing the adjusted conservation
score, a penalty is added to the score if the loop sizes closed by
two equivalent stems s; and 3; are not equal. More pre01se1y, in
computing cons(7, T) where T, is in .’]—[ and T, is in .7-[ we
define cons(s;, Tq) =w; if s has an equrvalent stem 3 and
loop_size(s;)) = loop_size(sj ), cons(s;, T = wi(1.0 - ¢ -
N | loop_size(s;) - loop_size(s )) if  loop_size(s;)) #
loop_size( sJ ) and cons(s;, T, ) 0 1f s; has no equivalent stem in
T, Finally, in our procedure a structure T is eliminated from
consrderatron if there is a structure T such that: (1) 7 is a
substructure of T; (2) T is less stable than T; (3) T has a lower
adjusted conservation score than that of 7.

RESULTS

We applied our procedure to a set of 20 tRNA sequences, a
group of 25 5S rRNAs, a sample of seven rev response
elements (RREs) in HIV-1 and 10 RREs of HIV-2 and SIV. In
our procedure, for all the test cases, the maximum number of
generations was 100. The d value in searching the equivalent
stem was set to 3. Also, two stems interrupted by an internal
loop of size two or by a bulge loop of size one were considered
as one continuous stem.

The sequences of the 20 tRNA ranged from 70 to 90 nt. From
the program MAL, Zuker’s multiple sequence alignment
program (16), the pairwise sequence similarities were between
0.30 and 0.66. A structure was considered as a potential
common structure if the structure conservation score computed
in step (5) of the procedure was at least 0.90. In addition to the
condition of structural similarity, the structure was also
required to be at least as stable as the average of the random
sequences which have the same base composition but in a
different order to the original sequence. The second condition
eliminates many of the less stable structures. Under these two
criteria, the cloverleaf secondary structures were obtained for
all the sequences except Salmonella typhimurium Pro-tRNA
(accession no. X63776), which is rich in GC. The cloverleaf
structure for Pro-tRNA is less stable than the random
sequences on average. If structures with a free energy no more
than the average random energy plus 0.5 SD were permissible,
the correct cloverleaf structure was one of the structures
obtained from step (8) of the procedure with a population of
100 structures for every sequence. In fact, the cloverleaf
structure for every sequence was one of the top five structures
in terms of the adjusted conservation scores. The accuracy of
our method in this case was determined by counting correctly
predicted known base pairs in the standard cloverleaf
structures. For these 20 tRNA, there were 432 base pairs in the
standard cloverleaf structures. Table 1 shows that the most
favorable structure correctly predicted 87.7% of known base
pairs on average, whereas the tenth predicted 81.2% on
average. Furthermore, one of the first 10 ranked ordered
structures contained 98.8% of known base pairs on average.
These top 10 structures together contained 99.8% of known
base pairs.

The lengths of the 25 5S rRNAs varied from 116 to 126 nt.
The pairwise sequence similarities ranged from 0.36 to 0.85. In
the procedure, the criterion £, for structural similarity was &, = 0.8,
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Table 1. Accuracy of a genetic algorithm for RNA common secondary structure prediction

RNA Nucleotides ~ Base pair Correctly predicted base pair (%)

Rank 1 Rank 10 Best structure  Any structure
tRNA 1556 432 87.7+12.4 81.2+125 98.8+27 99.8
SSrRNA 3004 910 953%7.0 879+73 98.6 4.3 98.7

Only the first 10 ranked ordered structures were considered in assessing the accuracy. The accuracy was determined
for: the structure ranked first (i.e. with highest adjusted conservation score); the structure ranked tenth; the single
best structure of the first 10 ranked ordered structures (column 6); the base pairs correctly predicted in at least one
structure (column 7). The accuracy was determined by counting correctly predicted base pairs. Standard deviations are
given with the percentages to demonstrate the range of accuracy. Only tRNA and 5S rRNA are listed since there
are no known standard structures in the RREs of HIV-1 and HIV-2.

a A B B’
E.coli GGCGGCaGUAGCGCGGUGguccCACCUGA . cccCAUGC UCAGaaGUGaaaCGC
Photobac GGCGACcAUAGCGUUAUGgaccCACCUGA . UCcCUUGCcGAacUCAGuaGUGaaaCGU
Beneckia

GGCGACCAUAGCGAUUUGgaccCACCUGACUUCCAUUCCGAacUCAGaaGUGaaaCGA
UGACGACcAUAGAGCAUUGgaacCACCUGA . al CcGAacUCAGuaGUGaaaCGA
ACG. AUAGAGCGUUGgaacCACCUGA . CcGAacUCAGeaGUGaaaCGA

P. fluoxr uUCt
Azo.vine

P.aerugi 1 - UGACGAUCAUAGAGCGUUGgaacCACCUGA . CcGAacUCAGaaGUGaaaCGA
R.rubrum UGGCC.UGGUGGUcAUUGCGGGCUCgaaaCACCCGA . UCcCAUCCeGAacUCGGeeGUGaaaGAG
Wicrococ GGCGGCUAUAGCGUGGGG! qaaa(‘:GC’w . cCGUAUAUCGaacCCGGaaGCuaagCCC

Streptom G.uUU.CGGUGGUCAUAGCGUGAGGgaaacGCC . UUaCAUUCcGAacCCGGaaGCuaagCCU
Th.aquat AALCCCCCGJFCCFUUACFCCCGUCQQaCFAC.?FGUUCCCAUUCCGA&CACGGaaGUGaaaCGC
Th.therm AAUCCCCCGUGCCcAUAGCGGCGUGgaacCAC . CCGUUCCCAUUCCGAacACGGaatlUGaaaCGl
Prochlor uUCC . UGGUGUCUCUAGCGCuuuggaacCACuUCGAUUcCCAUCCcGAacUCGAUUGUGaas
Hb.salin uu. . aAGGCGGCCcAUAGCGGUGGGguuacUC . CCGUaccCAUCCecgaacACGGaaGAuaagCCC
Hc.morrh uu. . aAGGCGGCCACAGCGGCGGGgegaclUC . CCGUaccCAUCCcgaacACGGecaGAuaagCCT

T.acidop . . .GGCcAACGGUCAUAGCAGCAGGgaaacAC . CaGAUCcCAUUCcGAacUCgacGGUuaagCCU
S.acidoc GCCCA.CCCGGUCACAGUGAGCGGycaacAC . CCGGacuCAUUUcgaacCCGCGaaGUuaagCCG
Wsp . hung . UCAAUAGCGGCCcACAgCcAGGUGUgucacAC . CCGUUCeCAUUCcGAAcaCGGaaGUuaagACA
Paraco .GUC . UGGUGGCccAAAGCACGaGCAaaacAC . CCGAUCcCAUCCcGAacUCGGccGUuaagUGt
B.stearo . .CC.UAGUGACaAUAGCGGAGAGgaaacAC . CCGUUCcCAUCCcGRacACGCaaGUuaagCUC
B.acidoc UC . UGGUGACUAUAGCGGAGGggcaaCAC. CCGUaccCAUCCcgaacACGGacGUGaagall
Strept. . . UG.UGGUGGCGAUAGCGAGAAGgauacAC . CUGUaacCAUGCcgaacACAGaaGUuaagCUU
B.brevis .. UC.UGGUGAUGAUGGCGGAGGGgacacAC . CCGUUCcCAUACcGAacACGGeccGUuaagCCC
C.pasteu UC.CAGUGUCUAUGACUUAGAGguaacAC . UCCUUCCcCAUUCcGAacAGGcaGGUuaagCuC
B.sub UU. UGGUGGCGAUAGCGAAGAGgucacAC . CCGUUCcCAUACcGAacACGGaaGUuaagCuUC
B.lichen UU . UGGUGGCGAUAGCGAAGAGguUcacAC . CCGUUCCCAUGCcGAacACGGaaGUuaagCuC
C cr A’
E.coli CGUaGC. . gCCgAUgy . uaGUGUGG . GGUCU . CCCCAUGCgaga . GUaGGy . aaCUGCCA . GGCAU

Photobac AAUaGC..gCCgAUgg.uaGUGUGG . GGUCU . CCCCAUGUgaga . GUaGGa . caUCGCCA . GGCAU
Beneckia AUUaGC..gCCgAUgg.uaGUGUGG.GGCUU.CCCCAUGUgaga . GUaGGa . caUCGCCA . GGCuU
P. uor UGCaUC. .GCCgAUgg.uaGUGUGG.GGUUU.CCCCAUGUgaga . CUaGGU . caUCGUCA . AGAUU
Azo.vine CGCaUC..GCCgAUgg.uaGUGUGG.GGUUU.CCCCAUGUaaga . GUaGGU . cAUCGUCA . GGCGC
P.aerugi CGCaUC..GCCgAUgy.uaGUGUGG.GGUCU.CCCCAUGUgaga . GUaGGU . cAUCGUCA . AGCuC
R.rubrum CCCuGC..GCCaAUgg.uaCUGCGU. .CUUAAGGCG.UGGgaga . CUaGGU . cGCCGCCA . GGCCU
Wicrococ CAUaGC..GCCgAUgguuaCUGUAA.CCGGGAGGUUGUGGgaga .GUaGGU . cGCCGCCG. UGA .
Streptom UACaGC..gCCgAUgg.uaCUGCAG.GGGGCACCCUGUGGgaga .GUaGGa . cGCCGCCG. AAC . U
Th.aquat GCCaGC. .GCCgAUgg.uaCUGGGA .CCGCAGGGUCCUGGgaga . GUaGGU . cGGUGCGGGGGAU
Th.therm GCCaGC. .GCCgAUgy.uaCUGGGC.GGGCGACCGLCCUGGgaga . GUaGGU . ¢GGUGCGGGGGAU
Prochlor uGCuGC..GGCUA.agauaCUuGCU.GGGUUGCUGGCuGGgaaa . aUAGCU . cGAUGCCA . GGAUU
Hb.salin GCCuGCGUuCCGGucaguaCUGGAGUGCGCCGAGCCUCUGGgaaa . uCCGGUUcGCCGCCU. .« .acU
He.morrh GCCaGCGUuCCAGcgaguaCUGGAGUGUGCGAACCUCUGGgaaa . aCUGGUUCGCCGCCU. . . ccC
T.acidop GCU.GCGUAUUGCGUUguaCUGUAUgCCGCGAGGGUACGGgaAGC . GCAAUAUGCUGUUACC. . . ACU
S.acidoc CUC.ACG.UUAGUGGGYgccGUGGAUaCCCGUCGACGGAUCCGCagCCCCcACUAA . . GCUGGGaUGGGUUUU
Wsp.hung CCUcacGUGGAUGAcgguaCUGAGGUACGCGAGUCCUCGGgaaa . UCAUCCUCGCUGCUAUUGU -
Paraco CGUaGC. .GCCaAUgy . uaCU.GCG . UCAAAAGACGU . GGgaga . GUaGGU . caCCGCCA . GAC.
B.stearo UCCaGC..GCCgAUgg.uaGUuGGG.GCCAGCGCCCCuGCaaga . GUaGGU . cGUUGCUA.GG.
B.acidoc UCCaGCAAGCCgagaaAuaCUGGGA.GGGCAGCCUCCUGGgaaa.guaGGU.cGUUGCCA.GG.
Strept. CUUaGC. . gCCgAUUg . uaGUGAGG . GG T agA.GUaGGa . CGUCGCCA.CG.
B.brevis UCCaGC..gCCaAUgg.uaCUuGCU. a.GUaGGa . CGUC CCA.uG.
C.pasteu UAAuGU..GCUgAUgg.uaCUGCAG. a.GUaGGU . cGACGCUG. GG .
a
a

B.sub UuCaGC. .gCCgAUgg . uaGUcGGG . ga.GUaGGa .CGCCGCCA.AG.
B.lichen UUCaGC..gCCgAUgy.uaGUuGGa. CG C"CCCCCuGIoa .GUaGGa .CGCCGCCA.AG.

nacaoonaona

Figure 1. (a) A structural alignment of 25 5S rRNA sequences (20) based on the structural information obtained from the method. Each structure in the alignment
was directly obtained from the method. The structure of the first sequence in the alignment is the most favorable with respect to the adjusted conservation score.
The structure for other sequences was selected from the best 10 structures of the sequence and most closely resembles the structure of the first sequence in the
alignment. (b) The most favorable secondary structure of E.coli 5S rRNA, which is the first sequence in (a). The multi-branch structure consists of two hairpins B
and C supported by helix A (stems A, B and C are labeled A-A’, B-B” and C-C’). For each of 25 5S rRNAs, there is at least one structure in the first 10 ranked
ordered structures with the same structural feature as shown here.

the stability criterion e, was e, = average random energy + 1 SD  obtained from the method. The structure of the first sequence
and the population size was 100. Figure 1a displays a structural ~ in the alignment was the most favorable in the sequence with
alignment of 25 5S rRNA based on the structural information  respect to the adjusted conservation score. The structure for
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every other sequence in the alignment was selected from the
best 10 structures and most closely resembled the structure in
the first sequence. The selected structure may not have been
the most favorable in the sequence, however, the adjusted
conservation score was not significantly different. Figure 1b
depicts the most favorable structure of Escherichia coli 5S
rRNA, which is the first sequence in Figure 1a. By considering the
top 10 structures of E.coli 5S rRNA in terms of adjusted conser-
vation score, the structures differed only in local alternative base
pairing, not in branching. For example, some structures had stem
16-17/67-68 and some other structures had stem 13—14/67-68. In
every other sequence, there was at least one structure ranked in
the top 10 which had the same structural features or closely
resembled the structure shown in Figure 1b. Considering the
structures determined by comparative sequence analysis, there
were 910 base pairs in these 25 5SS rRNAs. Table 1 shows that
the most favorable structure from our method correctly
predicted 95.3% of known base pairs on average, whereas the
tenth predicted 87.9% of known base pairs on average.
Furthermore, one of the top 10 structures contained 98.6% of
known base pairs on average.

From the alignment of 51 HIV-1 RRE regions presented in
Human Retroviruses and AIDS 1997 (17), more than 90% of
the nucleotides in the RRE region from the major group M
sequences are identical. However, in comparing a sequence
from group M and a sequence from outlier group O, we found
that less than 60% of the nucleotides in the RRE region are
identical. In this study, we selected five sequences from group
M and two sequences from group O. The pairwise sequence
similarities were between 0.567 and 0.948. All seven HIV-1
RRE had the same length, 234 nt. In the procedure, we set i, = 0.8,
e, = average random energy — 1.5 SD and the population size
was 200. A structural alignment of these seven HIV-1 RRE is
shown in Figure 2a. As in the case of 5S rRNA, the structure
for each sequence in the alignment was selected from the best
10 structures and most closely resembled the structure in the
first sequence. There was only one deletion and one insertion
needed in isolate ELI in the structural alignment among five
sequences from major group M. However, deletions and inser-
tions were required, especially in helix A, in order to align
structures between group M and group O. Figure 2b shows a
structure in a sequence SF2 from group M, while Figure 2c
shows the isolate MVP5180 from group O. Both are multi-
stem—loop structures supported by a long central stem A. The
multi-stem—loop regions from G39 to C104, the rev-binding
domain, were almost identical and agreed very well with the
published structures (18,19) of the binding domain. The difference
between the two structures was mainly in the long central stem
A; the locations, types and sizes of loop regions between the
two structures in this stem were mostly different. Based on our
scoring scheme, the adjusted conservation score of these two
structures was around 0.75. The major difference between the
structures in Figure 2b and the published structures is the extra
small hairpin from G128 to C138 in Figure 2b. This small
hairpin can be formed in all 51 sequences. The published struc-
tures of HIV-1 RRE also appear in our prediction, but these
structures were not ranked in the first 10 structures.

The alignment results of 26 nucleotide sequences from
Human Retroviruses and AIDS 1997 (17) indicate that the
RRE regions from HIV-2 and SIV are mostly conserved. In
this study, we selected eight sequences from HIV-2 and two

sequences from SIV. All the sequences had the same length,
216 nt. The pairwise sequence similarities ranged from 0.805
to 0.943. Since the RRE regions are mostly identical, in our
procedure the parameter £, for structural similarity was set to
h, =0.9. For the other parameters, e, was set to be the average
random energy — 1.5 SD and the population size was set to 200.
Figure 3a shows a structural alignment of RRE in these 10
sequences. The selection and the properties of the structures in
the alignment were the same as those in the previous two cases.
Figure 3b is the overall most favorable structure (isolate ROD)
of the HIV-2 RRE from our procedure. The multi-stem—loop
structure from G117 to C188 can be formed and conserved in
all 26 sequences. The same conclusion can be made for the
stems from A23 to U194, C31 to G98, U37 to A67 and G68 to
U91. For every other stem, only a few sequences formed a
slightly different stem. Therefore, the structure in Figure 3b
may be a good representation of the consensus structure in the
RRE region of HIV-2 and SIV. The structure presented in
Figure 3b agrees very well with the published structure (20). It
is worth noting that the structures in Figures 2 and 3 are, in
general, very similar except for the small hairpin in Figure 2.
The number of RNA secondary structures grows expo-
nentially with the length of the sequence. The criteria for
structural similarity and structural stability can be used to limit
the number of structures for consideration. The criterion for
structural similarity should preferably be as large as possible,
and that for structural stability as negative as possible.
However, the stability of the structures and/or the structural
features in one sequence may be very different from those in
other sequences. For instance, in the case of 5S rRNA, the
structures of Bacillus brevis 5S rRNA from the procedure were
at least 0.5 SD less stable than those in the random sequences.
However, the structures of Sulfolobus acidoc 5SS rRNA can be
3 SD more stable than those in random sequences. The total
number of structures produced from the procedure for B.brevis
and S.acidoc 5S rRNA were 64 and 2386, respectively. It is
difficult to know in advance what optimal values to use for
these two criteria. It is also likely that most of the structural
features and/or the characteristics of structural stability are
shared by the majority of sequences. In order to accommodate
those few exceptional sequences, we have to use relatively
loose conditions for one or both criteria. Under these circumstances,
it is possible that a large number of structures will be collected
in step 5 of the procedure for many sequences. This imposes a
heavy computational burden in step 8 of the procedure. The
following approach can probably ease the computation cost.
First, we use relatively restricted criteria in the GA. We are
likely able to obtain common structures satisfying both criteria
in most sequences. Then, for each of the remaining sequences,
we search for structures via a GA with less restricted criteria of
structural similarity and stability. The conservation score for
each structure in the remaining sequences is computed with
respect to those already predicted in most of the sequences.
The GA in this study is mainly used to search structural
space for the structures that satisfy predefined conditions of
structural similarity and stability. In order to explore the
immense structural space as much as possible, in each cycle of
a GA both the crossover probability and mutation probability
are set to 1.0. If the number of distinct structures selected in
step (6) is less than a certain percentage of the population size,
the procedure returns to stage (1). In order to compute the



a

SF2 AGGA. .GCUaUGuuCCuUG . GG . UUCUUgggaGCAGCAGGAAGCACUAUGGGCGCAGUG . UCAUU b
HXB2 AGGA . .GCUUUGUUCCUUG . GG . UUCUUgggaGCAGCAGGAAGCACUAUGGGCGCAGCe . UCAAU
MAL AGGA . .GCCaUGuUCCUUG . GG . UUCUUgggaGCAGCAGGAACCACGAUGGGCGCAGCG . UcACU
ELI AGGA . .GCUauGUUCcuUG. GG . UUCUUgggaGCAGCAGGAAGCACGAUGGGCGCA . CGgUCAGU
HIVU455 AGGA. .GCUaucUUCculG. GG . UUCUUaggaGCAGCUGGAAGCACaAUGGGCGCGGCG . UcAAU
HIVANT70 GGGAaUGCUA. . .UUCUUGGGGYUUCUAAGU .GCAGCAGGUAGCACUAUGGGCGCAGCG . gcAAC
MVP5180 GGGaaUGCUA. . .UUCUUGGGGGUgCUAAGU . GCaGCAGGUAGCACUAUGGGCGCAGCG . gcAAC
B2’ B3 B3' B1l’ C
SF2 GACGCUGaCGGUACAGGCCAGACAAUUAUUGUCUGG UAUAGUGCAACAGCAGAACAAUUU
HXB2 GAcGCUGaCGGUACAGGCCAGACAAUUAUUGUCUGG UAUAGUGCAGCAGCAGAACAAUUU
MAL aACGCUGaCGCGUACAGGCCAGACAGUUACUGUCUGG UAUaGUGCAACAGCAAAACAAUUU
ELI GACGcUGaCGGUACAGGCCAGACAAUUAaUGUCUGG UAUaGUGCAACAGCAAAACAAUUU
HIVU455 aACGCUGaCGGUACAGGCCAGACAAUUAUUGUCUGG UAUAGUGCAACAGCAGAGCAAUCU
HIVANT70 aaCGCUGgCGGUACAGACCCaCAculUUGcUGaaGGG UAUAGUGCAACAGCAGGACAACCU
MVP5180 agCGCUGaCGGUACGGACCCaCAGUGUACUGaaGGG UAUAGUGCAACAGCAGGACAACCU
c’ D D’ E E’ F
SF2 GCUGAGGGCUAUUGAGGC GCAACAaCAUCUGUUGCAA. .CUCacaGUCUGGGGCAUCAAGCA
HXB2 GCUGAGGGCUAUUGAGGC GCAACAGCAUCUGUUGCAA. .cUCacaGUcUGGGGCAUCAAGCA
MAL GCUGAGGGCUAUAGAGGC GCAACAGCAUCUGUUGCAA. .CUCacgGUCUGGGGCAUURAACA
ELT GCUGAGGGCUAUAGAGGC GCAACAGCAUCUGUUGCARA. . cUCacgGUCUGGGGCAUURAAACA
HIVU455 GCUGAGGGCUAUAGAGGC UCAACAGCAUCUGUUGAAA . .CUCacUGUCUGGGGCAUUAAACA
HIVANT70 GCUaAGAGCaAUACAQgGC cCAGCAGCAAUUGCUGa . .GGCUaucuxuaUGGGGUAUCAGACA
MVP5180 GCUGAGAGCgAUACAGGC cCAGCAACACUUGCUGa. . GGuuaucuGUaUGGGGUAUUAGACA
Fr A’
SF2 GCUCCAGGCaaGAG UCCUGGCU.GUggaAAGAUA.CC.UAagGGauCAacAGC. . .UCCU
HXB2 GCUCCAaGCaaGhAa UCCUaGCU.GUggaAAGAUA.CC.UAaAGGAUCAACAGC. . .UCCU s o
MAL GCUCCAGGCaaGAG UCCUgGCU.GUggaAAGAuUA.CC.UAaAGGAUCAacGGC. . . UCCU o AT R A
ELI GCUCCAGGCaaGhAa UCCUQGCU.GUggaAAGAUA.CC.URaaGGAUcaacAGC. . .UCCU | | | | | | |
HIVU455 GCUCCAGGCRAaGAG UCCugGCU.GUggaAAGAUA.CC.UAcaGCAucaacAGC. . .UCCU 1
HIVANT70 ACUCCGAGCUc... GCCU.GCUaGC.CUUAGA.AaCCUUAcuacAGAAUCAGCAacUCCU ¥ oo Bl o Ay
MVP5180 ACUCCGaGCUC. .. GCCU.GCaaGC.CUUAGaaACCCUUA .uacAGAAUCAGCAacgCCU L

A

B1 B2

conservation score of a structure in steps (3), (5) and (8), it is
necessary to compare each distinct structure in a (temporary)
population (or .7-[8)) of a sequence with those in other
sequences. The structure comparison takes O(n?) time, where n
denotes the maximum number of stems among all the structures
that were considered. For a set of N sequences, our method
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Figure 2. (Opposite and above) (a) A structural alignment for seven HIV-1
RRE sequences based on the structural information obtained from the method.
Each structure in the alignment was directly obtained from the method. The
structure of the first sequence in the alignment is the most favorable with
respect to the adjusted conservation score. The structure for other sequences
was selected from the best 10 structures of the sequence and most closely
resembles the structure of the first sequence in the alignment. Deletions and
insertions are needed to align structures between major group M and outlier
group O. (b and ¢) A predicted common secondary structure of the HIV-1 RRE
region for (b) SF2, an isolate from major group M, and (¢) MVP5180, an iso-
late from outlier group O. The two structures are similar to each other even
though the two sequences share less than 60% of nucleotides in the RRE
region. The seven HIV-1 RRE sequences (accession nos are given in parentheses)
used in this study were: HIVSF2 (K02007), HIVHXB2 (K03455), HIVMAL
(K03456), HIVELI (K03454), HIVU455 (M62320), HIVMVP5180 (L20571)
and HIVANT70 (L20587).

requires O(n?m?N?) computation time, where m denotes the
maximum number of structures among N sequences. Therefore,
this method may take considerably more time than methods
based on dynamic programming algorithms, such as the sub-
optimal folding algorithm of Zuker (4). For example, the four
test cases in this study took 7100, 34 185, 108 360 and 144 980
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a a B1 B2 B2’
HIV2ROD  GGUUCUUGGGUUUUCUCgCaacAGCAGGUUCUGCAAUGGGCGCGGCGUCCCUGACCGUGU
STVMM251  GGUUCUUGGGUUUUCUCGCaacGGCAGGUUCUGCAAUGGGCGCGGCCUCGUUCAGGCUGa
SIVMM142 GGUUCUUGGGUUUUCUCGcaacGGCAGGUUCUGCAAUGGGCGCGGCGUCGUUGACCCUGa
HBIV2BEN  GGUuCUUGGGUUUUCUCGCgacAGCAGGUUCUGCAAUGGGCGCGCEIUCCCUGACGCUGU
HIV2CAMZ GGUUCUUGGGUUUUCUCacaacAGCAGGAGUUGCAAUGGGCACGGCGUCC
HIV2D194 GGUUCUUGEGUUUUCUCGEgacAGCAGGUUCUGCAAUGGECGECGCG
HIV2ISY  GGUUCCUAGGUUUUCUCACgacAGCAGGUGCUGCAAUGCCGCCGGC
HIV2NTHZ GGUUCcuAGGUUUUCUCgCcaacAGCAGGUUCUGCCAUGGECGCGGCG
HIV2UC1  GGUUCUUGGGacUUCUUGCaaUGGCAGGUUCUGCAAUGGCCGCARCCUCCUUGACGCUGU
HIV2ST GGUUCUUAGGUUUUCUCacgacAGCAGGAGCUGCAAUGGGCGCGGCGUCCUUGACGCUGU

B3 B3” Bl/ c ST 51
HIVZROD  cgGCUCA GUCCCGGaCUUUACUGGCCGGGAUAGUGCAG CAACAGCAACAGCUGUUG GACG
SIVMM251 cCGCUCA GUCCCGGaCUUUAUUGGCUGGGAUAGUGCAG CAACAGCAACAGCUGUUG GGCC
STVMM142 cCGCUCA GUCCCGGaCUUUAUUGGCUGGGAUAGUGCAG CAACAGCAACAGCUGUUG GACG
HIV2BEN  caGCCCA GUCCCGGaCUUUACUGGCCGGGAUAGUGCAG CAACAGCAACAGCUGUUG GACG
HIV2CAM2 caGCCCA GUCUCGGaCUUUAUUGGCCGGGAUAGUGCAG cAACAGCAACAGCUGUUa GACG
HIV2D194 CgGCUCA GUCCCGGaCUUUACUGGCCGGGAUAGUGCAG CAACACGCAACAGCUGUUG GACG
HIV2ISY  CggCUCA GUCUCGGACUUUAUUCCGUGGQAUAGUGCAG CAACAGCAACAGCUGUUG GACG
HIV2NIHZ caGCUCA GUCUCGGaCUUUAUUGGCCGGGAUAGUGCAG CAACAGCAACAGCUGUUG GAUG
HIV2UC1  caGCUCA GUCCCGGaCUUUACUGGCUGGGAUAGUGCAG CAGCAGCAACAGCUGCUG GACG
HIV2ST cgGCUCA GUCUCGGaCUUUAUUGGCCGGGAUAGUGCAG CAACAGCAACAGCUGUUG GACG

D2 D2 D3 D3’
HIV2ROD  UGGUCAagagaCAACAGGAACUGUUGCGacUGACC GUCUGGCGaaCGAAAAAcCUCCACC
SIVMM251 UGGUCAAgagaCAACAAGAAUUGUUGCgaUUGACC GUCUGGGGaaCAAAGAacCUCCAGA
SIVMMI42 UGGUCAagagaCAACAAGAAUUGUUGCGacUGACC GUCUGGGGaaCAAAGAacCUCCAGA
HIV2BEN  UaGUChagagaCRACAaGAAZUGUUGCgacUGACC GUCUGGGGaaCCGAAAAacCUCCAGG
HIV2CAM2 UGGUCAagagaCAACAAGAAUUGUUGegacUGACC GUCUGGGGAACAAAAAUUCUCCAGG
ETV2D194 UGGUCAAgagaCAACAAGAARUGUUGCGaUUGACC GUCUCGCGAaCGAAAAaUCUCCAGG
EIV2ISY  UGGUCAagagaCAACAaGAA2UGUUGCYacUGACC GUCUGGGGaaCUAAAAaCCUCCAGG
HIV2NIHZ UGGUCAagagaCAACAAGAR2UGUUGCGacUGACC GUCUGCGGAaCAAAAAZUCUCCAGG
HIV2UCL  UGGUCAaaagaCAACAGGAACUGUUGCYgCUGACC GUCUGGGGaaCGAAAAaCCUCCAGA
HIV2ST UGGUCAagagaCAACARGAARUCUUGCGacUGACC GUCUGGGGAACAAAARGUCUCCAGG
D1 ar

HIV2ROD  CAAGAGUCACUGCUauaGAGAAGUACCUACAGGACC
SIVMM251  CUAGGGUCACUGCCauCGAGAAGUACUUAGAGGACC
SIVMM142 CUAGGGUCUCUGCCauCGAGAAGUACUUAAAGGACC
HIV2BEN  CAAGAGUCACUGCUauCGAGAAGUACCUAaAGCAUC
HIV2CAMZ CAAGAGUCACUGCUauaGAGAAGUACCUAAAGGAUC
HIV2D194 CAAGAGUCACUGCUauCGAGAAAUACUUAAGGGACC
HIV2ISY  CAAGAGUCACUGCUauUGAGAAGUACCUAGCAGACC
HIVZNTHZ CAAGAGUCACUGCUauaGAGAAGUCACUaaaGGACC
HIV2UCL  CAAGAGUCACUGCCAUCGAGAAauaCCUAAAGGACC
HIVZST CAAGAGUCACUGCUaUCGAGAARUACUUAAAGGACC

1]

Figure 3. (a) A structural alignment for 10 RRE sequences of HIV-2/SIV (see caption to Fig. 1a). (b) A concensus structural model predicted in the RRE region of
HIV-2/SIV (isolate ROD). The 10 sequences (accession nos are given in parentheses) used in this study were: HIV2ROD (M15390), SIVMM251 (M19499),
SIVMM 142 (M16403), HIV2BEN (M30502), HIV2CAM2 (D00835), HIV2D194 (J04542), HIV2ISY (J04498), HIV2NIHZ ((J03654), HIV2UC1 (L07625) and

HIV2ST (M31113).

CPU seconds, respectively, on an Alpha 8400/625 computer.
The suboptimal folding algorithm coupled with improved
energy rules (12) has led to an impressive improvement in
RNA secondary structure prediction. Especially, it gives
reliable predictions in well-determined structural domains
(21). Since our method is capable of obtaining fairly
convincing common structures from the first few ranked
ordered structures, our method might be an attractive alternative
in a poorly determined structural domain or in a molecule with
very few well-determined domains.

The algorithm described in this study has been implemented
in Fortran 77 on a Silicon Graphics Onyx computer and on an
SGI Apollo with IRIX 6.5. It has also been executed on a
Compaq/DEC Alpha 8400/625 EV56 with Digital Unix. The
source code is available via anonymous ftp as /pub/users/chen/
rnaga.tar.Z at ftp://ftp.ncifcrf.gov.
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